The complexity of the p53 protein, coupled with the vast cellular responses to p53, is simply astonishing. As new isoforms, functional domains and protein-protein interactions are described; each morsel of information forces us to think (and re-think) about how it 'fits' into the current p53 paradigm. One aspect of p53 signaling that is under refinement is the mechanism(s) leading to apoptosis. Here we discuss what is known about p53-induced apoptosis, what proteins and protein-protein interactions are responsible for regulating apoptosis, how can this cascade be genetically dissected, and what pharmacological tools are available to modulate p53-dependent apoptosis. While everything may not comfortably fit into our understanding of p53, all of these data will certainly broaden our viewpoint on the complexity and significance of the p53-induced apoptotic pathway. Here, our discussion is primarily focused on the works presented at the 12th International p53 Workshop, except where appropriate background is required.
Basic Principles of Apoptosis
Apoptosis is a genetically controlled event with roles in tissue development, 1 homeostasis and disease. 2 It is defined by a pattern of molecular and morphological changes that result in the packaging and removal of the dying cell. Cells committed to die via apoptosis following developmental cues, stress or infection are removed by phagocytes to prevent a host immune response. Central to our understanding of the mechanism of apoptosis is the induction of caspase activity. Caspases are a family of cysteine proteases that orchestrate the dismantling and clearance of the apoptotic cell. Since the discovery that the Caenorhabditis elegans cell-death abnormality-3 (ced-3) gene product, which is required for apoptosis in nematodes, is homologous to the cysteine protease ICE (interleukin-1 converting enzyme), it has been recognized that caspases are required for the initiation and execution of apoptosis. There are two general signaling pathways that trigger apoptosis, the differences between these pathways dictate how the death signal is transduced, and thus, how the caspases become activated (Figure 1 ).
The intrinsic pathway (engaged by stresses such as DNA damage or hypoxia) is engaged by the transcriptional or posttranslational regulation of Bcl-2 proteins that directly impact on mitochondrial outer-membrane permeabilization (MOMP). 3 MOMP occurs through the action of pro-apoptotic multi-domain members such as Bcl-2-associated X protein (Bax) and Bcl-2 antagonist/killer (Bak); these proteins oligomerize through direct or indirect activation by the Bcl-2-homology domain-3 (BH3)-only, pro-apoptotic, Bcl-2 family members. After MOMP happens, cytochrome c is released from the mitochondrial intermembrane space, which causes APAF1 (apoptotic protease activating factor 1) oligomerization resulting in apoptosome formation. This complex, in turn, recruits and activates procaspase-9, which then activates executioner caspases-3 and -7. These caspases are responsible for the apoptotic hallmarks, such as chromatin condensation, plasma membrane asymmetry and cellular blebbing.
Death-receptor ligation by death ligands is responsible for the induction of the extrinsic pathway. 4 For example, tumor necrosis factor (TNF) binds to its death receptor, TNFR1, which causes the recruitment of adaptor molecules, TRADD (TNFR1-associated death domain) and FADD (FASassociated death domain), and the binding and activation of procaspase-8 molecules that are brought together by TRADD and FADD. Once caspase-8 is active, it can activate executioner caspases. Some cells do not die in response to the extrinsic pathway alone and require an amplification step that is induced by caspase-8. In this situation, another target of caspase-8 is the BH3-only protein, Bid (BH3-interactingdomain death agonist). Caspase-8 cleaved Bid (tBidtruncated) is then able to directly activate pro-apoptotic multi-domain proteins to induce MOMP, so this co-engages the intrinsic pathway.
Unifying p53 and Apoptosis: What Do We Know?
Cells that are insulted by oncogene expression, DNA damage or other forms of stress stabilize the p53 protein by phosphorylation or other modifications. 5, 6 Stabilized p53 accumulates in the nucleus to regulate the expression of numerous pro-apoptotic genes (e.g., BAX, NOXA, PUMA, BID, CD95, APAF-1, DR5, p53AIP1).
7-14 Each of these genes when silenced or removed from a particular model system produced partial resistance to p53-induced apoptosis. Most likely, these genes govern the decision to live or die based on the cell type investigated and the applied death stimulus (meaning, each gene contributes to certain death pathways, but not all). While p53 functions as a transcription factor in the nucleus (there is certainly no doubt to this ability) it also possesses an extranuclear function to directly bind antiapoptotic Bcl-2 proteins (Bcl-2 and Bcl-xL) and activate proapoptotic multi-domain Bcl-2 proteins (Bax and Bak) to regulate MOMP. 15 Years of debate over the importance of the extranuclear function have led several laboratories to develop elegant systems to demonstrate this 'unbelievable' function of p53, and the amount of literature based on this aspect of p53 function is rapidly growing. 15 While we do not understand each step of p53-dependent apoptosis, we certainly know how p53-dependent apoptosis presents itself. Cells that have engaged p53-dependent apoptosis typically follow the intrinsic cell death pathway ( Figure 2 ). This pathway is regulated by pro-apoptotic Bcl-2 proteins, as Bcl-2 or Bcl-xL overexpression blocks this form of cell death. Mitochondria are the downstream target of proapoptotic Bcl-2 proteins, and these proteins function to permeabilize mitochondria. The pro-apoptotic factors that are released from mitochondria then activate caspases that produce the hallmarks of apoptosis (e.g., DNA laddering, asymmetry of the plasma membrane). Since caspases are responsible for dismantling the insulted cell, p53-dependent apoptosis can be postponed by the addition of caspase inhibitors; but because mitochondria are permeabilized and ATP production soon wanes, death is inevitable.
Current studies focus on linking the functions of p53 to the apoptotic cascade by integrating all of p53's pro-apoptotic abilities, along with determining which proteins are responsible for generating those signals. While we don't have every piece of the cascade determined, our understanding of the p53-dependent mechanism(s) of apoptosis is becoming clearer.
Murine Models of p53-Induced Apoptosis: Defining the Elusive?
The numerous effects of p53 stabilization on maintaining tissue homeostasis and preventing aberrant cells from becoming tumors highlights the importance of understanding Figure 1 A comparison of the intrinsic and extrinsic apoptosis cascades. The intrinsic pathway is engaged by cellular stresses, such as DNA damage or growth factor withdrawal, and directly impacts on the Bcl-2 family of pro-and anti-apoptotic proteins. Members of this protein family can be transcriptionally-induced, transcriptionallyrepressed or subjected to post-translational modifications that act to repress or enhance function. Once the appropriate repertoire of Bcl-2 proteins have been engaged, they elicit mitochondrial outer membrane permeabilization (MOMP), cytochrome c release and APAF-1-dependent pro-caspase-9 activation. Executioner caspases-3 and -7 are then activated by caspase-9-dependent cleavage. The extrinsic pathway requires the ligation of death receptors by death ligands, which results in the assembly of adaptor molecules and pro-caspase-8 activation. Again, executioner caspases-3 and -7 are then activated by caspase-8. Bid can also be cleaved (and activated) by caspase-8 leading to co-engagement of the intrinsic pathway which functions (or combination of functions) of p53 are essential to its tumor suppressor activity (see review by Johnson and Attardi in this issue for a detailed discussion of this topic). The earliest animal models that examined p53 function in vivo focused on genetically disrupting the Trp53 gene, and these models defined the requirement for p53 function in numerous tissues, as without Trp53, various tumors rapidly killed p53-deficient animals. 16, 17 Mice deficient in one or both Trp53 alleles were susceptible to a spectrum of tumor types including brain and lung, lymphomas and sarcomas, and also exhibited resistance to several inducers of DNA damage. 17, 18 More recently, several groups have honed genetic approaches to directly test p53 mutations similar to those found in Li-Fraumeni Syndrome patients (by creating a murine knock-in of the mutation) to better understand the biology of naturally occurring, disease-causing p53 mutations. 19 
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R270H/ þ animals, and a marked increase of carcinomas, adenomas, hemangiomas, and osteocarcomas compared to Trp53 þ /À . Also striking, is that Trp53 R172H/ þ tumors demonstrated a greater propensity to metastasize, which was corroborated in a similar study. The proposed mechanisms responsible for these differences center on mutant forms of p53 acquiring a 'gain of function' to cooperate with p53 wt and alter, perhaps, protein-protein interactions between p53 and it's binding partners, which could lead to changes in transcriptional regulation and stability.
While the models described above support the idea that loss of p53 function is deleterious to maintaining a tumor-free state; they also suggest that it will be difficult to ascertain which function(s) of p53 is primarily responsible for maintaining tumor suppression. Even so, several elegant studies have proposed that p53-dependent apoptosis is the major function required for tumor suppression in vivo. 21, 22 Several years ago it was shown that a decrease in p53-induced apoptosis correlated with the development of aggressive tumor emergence. A more recent study has highlighted the importance of p53's ability to induce apoptosis in preserving a tumor-free state. 22 In a model of B-cell lymphoma induced by the enforced expression of the Em-myc transgene, spontaneous Trp53 mutations arose; and likewise, a marked acceleration of tumor onset occurred when p53 function was inactivated. 23 The pressure to inactivate p53 function in this model was substantially reduced when Em-myc-expressing tumors were infected with retroviruses encoding Bcl-2 or dominantnegative caspase-9 (C9DN). 22 Both of these proteins significantly abrogate the induction of apoptosis by either directly interfering with MOMP or reducing the activation of caspases, respectively. Since neither of these proteins interfered with Figure 2 How p53 engages the apoptotic signal. Following cellular stress, p53 is subjected to numerous post-translational modifications that result in p53's stabilization and accumulation in the nucleus and cytoplasm. In the nucleus, p53 directly regulates the expression of numerous pro-apoptotic molecules, which are necessary for steps either directly before MOMP (e.g., BAX) or may potentially directly induce MOMP (e.g., PUMA, NOXA, BID). In the cytoplasm, p53 associates with Bcl-2 or Bcl-xL, which can release sequestered BH3-only proteins, or this interaction can inhibit p53's ability to directly activate pro-apoptotic Bcl-2 multi-domain proteins (i.e., Bax and Bak). Once MOMP occurs, apoptosome formation is initiated and the cell death cascade is engaged the induction of cell-cycle arrest by p53, it was hypothesized that expression of Bcl-2 or C9DN is sufficient to inhibit p53-induced death, and allowed for tumor progression. Effectively, expression of Bcl-2 or C9DN phenocopied the loss of p53 in this model system, suggesting that apoptosis is the critical p53 tumor suppressor function.
Although it is clear that p53 is an important tumor suppressor, some evidence suggests that apoptosis may not be the keystone to inhibiting tumor formation. Data from the SWAP mouse (the human Trp53 gene is knocked-into the murine Trp53 locus) indicated that while the SWAPed p53 followed normal regulation by ultraviolet light and gammairradiation, in terms of phosphorylation and stabilization, it failed to induce apoptosis (and cell-cycle arrest) in several tumorigenesis models (Dmitry Bulavin, personal communication). However, the SWAPed p53 could rescue the early onset of death in Trp53 À/À animals and substantially restore abnormal centrosomal checkpoint, indicating that non-apoptotic functions may assist in cellular stability. Interestingly, the SWAPed p53 failed to trans-activate several pro-apoptotic genes, but demonstrated normal trans-repression following ionizing irradiation; this hinted that protein-protein interactions or trans-repression may be essential for regulating tumor formation. In models of lymphomagenesis, the SWAPed p53 was often lost indicating that this form of p53 indeed had produced a selective pressure to tumor formation. Yet, it can be difficult to grasp the impact of human p53 in the context of a foreign signaling circuit, as the SWAPed p53 could possess gain-or loss-of-function behaviors in the murine milieu.
One must appreciate the complexity of p53-induced apoptosis, and understand that all p53-regulated cell death pathways are not equal. This notion is highlighted by the transactivation-deficient double mutant L25Q, W26S Trp53 knockin (referred to as p53 QS ). 24, 25 Mouse embryonic fibroblasts derived from the p53 þ /QS animal demonstrated both compromised trans-activation of numerous p53-induced genes and cell-cycle G1 checkpoint activation. Yet, the induction of p53-regulated apoptosis was stress-dependent: DNAdamaged cell death was completely compromised, while hypoxia-initiated apoptosis was almost similar to controls. So what makes the difference? Perhaps the difference between the two stimuli is the required p53 function in each scenario. DNA-damaged induced cell death required transactivation of pro-apoptotic genes (other than Bax, as this gene maintained regulation by p53 QS ), while the hypoxia-induced cascade requires alternative p53 functions, such as those described as transcription-independent. Alternatively, the promoters of pro-apoptotic genes required for a hypoxia response require a different set of protein-protein interactions that are unaffected by the p53 QS substitution, and the embryonic lethality of the p53 QS/QS animals may support this hypothesis.
The significance of p53-mediated apoptosis in maintaining a tumor-free state may be highlighted by the conserved function of p53 (and it's appropriate homologues) in nonvertebrate model systems. Specifically, the p53 protein in other animals (at least as described in Drosophila and C. elegans) is a pro-apoptotic factor required for a proper DNAdamage response that does not appear to regulate cell cycle. [26] [27] [28] [29] Perhaps the adoption of cell-cycle regulation and senescence activities speak to the complexity of vertebrate p53 as these additional functions may contribute to regulating the DNA-damage-induced cell death response in vertebrates.
p53 and Bcl-2 Proteins: Understanding Transcriptional Targets and Protein Interactions
When p53 was described as a pro-apoptotic transcription factor, a commitment to discover the gene(s) responsible for death was imperative. Considerable effort focused on understanding which members of the pro-apoptotic Bcl-2 proteins were regulated by p53, and, not surprisingly, works describing many Bcl-2 proteins and their regulation by p53 can be found. Bax was the first pro-apoptotic Bcl-2 protein described to be upregulated by p53 stabilization following DNA damage, and others, like the BH3-only protein Bid, soon followed. 7, 10 Yet, many of these pro-apoptotic molecules are either constitutively expressed in cells (e.g., Bax) or require an additional step to be active (i.e., Bid requires caspase cleavage to be pro-apoptotic). Therefore, the direct impact of exogenous overexpression to mimic p53 upregulation confers limited interpretation as this likely upsets the balance of Bcl-2 proteins rather than reflecting the physiology of each protein. A summary of the fundamental interactions between p53 and various Bcl-2 proteins is presented in Figure 3 .
As the pro-apoptotic subfamily of Bcl-2 proteins has increased to include more BH3-only proteins, further evidence suggested that these proteins also exhibit marked p53 regulation. Two such p53 transcriptional targets are NOXA and PUMA, which were originally characterized as BH3-only proteins that directly induce cell death. 8, 9 Following p53 stabilization, these genes are transcriptionally upregulated and the proteins were hypothesized to directly induce MOMP. Yet, the evidence that this was indeed correct was based only on overexpression of each protein in cell lines. Further studies demonstrated that the Noxa and Puma BH3 domain peptides did not directly activate recombinant Bax or permeabilize mammalian mitochondria and Puma protein could not directly induce MOMP. 30, 31 Genetic evidence from several groups, however, did propose that NOXA and PUMA were important mediators of p53-induced apoptosis. [32] [33] [34] NOXA -deficient mice developed normally and exhibited proper cellularity of the hemopoietic organs, but the MEFs were slightly resistant to etoposideinduced cell death. 32, 33 The most dramatic results were obtained from oncogene-expressing MEFs which displayed marked resistance to p53-dependent, UV-induced apoptosis. 33 In vivo, the absence of NOXA resulted in resistance to X-ray-induced apoptosis in the jejunum and small intestinal crypts. 32 The selective resistance to p53-induced apoptosis by the loss of NOXA cannot be explained by the simple explanation that BH3-only proteins can substitute for each other in apoptotic pathways, but rather these proteins function in distinct signaling cascades. 30, 35 Noxa is likely to participate in p53-mediated signaling, but the exact pathways and the consequences of its activity are still unresolved.
The absence of PUMA, however, resulted in a broader resistance to numerous p53-dependent and -independent p53-dependent apoptosis JE Chipuk and DR Green death stimuli in vivo, indicating that this protein likely functions in numerous apoptotic networks. 33, 34 Like the NOXA À/À animals, PUMA À/À animals were born at the expected Mendelian frequency, appeared normal and exhibited proper cellularity of the hemopoietic organs. 33 Yet, numerous PUMA À/À cell types (e.g., thymocytes, pre-B and mature Band T-cells) were markedly resistant to inducers of genotoxic stress (e.g., g-irradiation); but not to the same level as Trp53 À/À suggesting that the signaling cascade Puma regulates may be alternatively modulated by other proteins or mechanisms. 33 
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À/À MEFs expressing the E1A oncogene were also resistant to etoposide-induced apoptosis, similar to NOXA À/À MEFs, suggesting that functional redundancy may not be evident under this condition. Puma may also regulate p53-independent pathways because CD4 þ 8 þ thymocytes derived from PUMA À/À animals displayed slight resistance to dexamethasone and staurosporine. 33 This suggests that Puma may participate in several death networks to sensitize cells to death stimuli that are regulated by diverse pro-and anti-apoptotic Bcl-2 proteins. Indeed, recent in vitro evidence supports this notion and suggests that the BH3-only proteins may function in distinct signaling networks; 30, 31, 35 furthermore, in vivo data from the NOXA and PUMA double knockout (NOXA
) present no synergistic effect in regard to DNA-damage sensitivity (Andreas Strasser, personal communication).
While the genes encoding the Bcl-2 proteins are transcriptionally regulated by p53, the influence of p53 on this protein family's function does not end in the nucleus. It is now well established that p53 also accumulates in the cytoplasm following stabilization. [36] [37] [38] [39] [40] [41] The accumulation of p53 into the cytosol seems to be regulated by Mdm2, as polymorphic variants of p53 that interact better with Mdm2 accumulate more in the cytoplasm. 38 Forced localization of p53 to mitochondria can directly induce MOMP, and this is blocked by the co-expression of anti-apoptotic BCL-2 proteins. 36, 38, 42 This inhibition proposed that p53's ability to induce MOMP was directly regulated by pro-apoptotic Bcl-2 proteins. Likewise, several groups showed that p53 can interact with Bcl-2 and Bcl-xL, which explains how p53 can bind to mitochondria, contrary to early studies that demonstrated p53 associated with mitochondrial chaperones. 36, 37 More recently, endogenous p53 has been shown to interact with Bcl-xL, and because Bcl-xL can be localized on mitochondria in several tissues, endogenous p53 can also be found on mitochondria via a BclxL interaction (or, mitochondrial Bcl-2 and Mcl-1 as well). 31, 43 The ability of endogenous p53 to rapidly accumulate (i.e., within 30 min of treatment) in the cytoplasm of radiosensitive organs following g-irradiation has also been demonstrated in vivo in mice. 44 Most studies exploring the association of p53 with anti-apoptotic Bcl-2 proteins focused on Bcl-xL, which also led to a NMR solution structure of p53 and Bcl-xL. 45 Although, Bcl-2 almost certainly participates in this pathway as Bcl-2 overexpression also blocks p53-induced death, p53 can bind to Bcl-2, and silencing BCL-2 by RNAi has been shown to induce p53-dependent apoptosis in certain systems. 46 One major issue focused on determining the significance of the signal that the p53/Bcl-xL association creates within the cell. Is this the signal to initiate apoptosis, or is a collateral signal required? To examine this, a BH3-binding mutant of Bcl-xL (Bcl-xL G138A ) was tested for it's ability to bind p53 and either inhibit or promote cell death. 31 Interestingly, BclxL G138A efficiently bound p53 and inhibited p53-induced death. Moreover, when BCL-XL À/À MEFs were reconstituted to stably express Bcl-xL G138A p53-induced apoptosis was also inhibited. This result led the investigators to hypothesize that the binding of p53 to Bcl-xL was not the death signal, and Figure 3 The relationship between p53 and Bcl-2 proteins at the mitochondrial membrane. p53 can either induce the expression of pro-apoptotic Bcl-2 proteins (e.g., Bax, Puma, Noxa), or it can directly regulate numerous Bcl-2 proteins in the cytoplasm. Bax that is expressed by p53 can then be activated by numerous signals, such as p53-induced BH3-only proteins (such as tBid), or by p53 itself. Bax or Bak that is activated by p53 or a BH3-only protein oligomerizes in the mitochondrial outer membrane to allow for MOMP. When Bcl-xL or Bcl-2 is bound by p53, BH3-only proteins once associated with either anti-apoptotic molecule may then be released to either directly activate a pro-apoptotic multi-domain or 'inhibit' an additional anti-apoptotic Bcl-2 protein. If nuclear p53 induces the expression of additional BH3-only proteins when cytoplasmic p53 is associated with Bcl-xL, the cell may be sensitized to numerous inducers of death. Alternatively, p53 that is sequestered by Bcl-xL may be liberated by a collateral signal, such as Puma, which frees p53 to activate Bax. Red and green arrows indicate transcriptional and cytoplasmic regulation, respectively p53-dependent apoptosis JE Chipuk and DR Green perhaps required an additional signal, such as a p53-regulated BH3-only protein (as it could then bind to Bcl-xL), to promote apoptosis. Furthermore, keeping in mind the requirement for Puma in p53-mediated death, it was speculated that perhaps Puma released p53 from Bcl-xL. Indeed, the Puma BH3 domain peptide and protein acted very specifically to disrupt the p53/Bcl-xL association, and cells that expressed Bcl-xL G138A , while were efficient at holding p53 inactive, failed to undergo cell death because Puma could not bind to Bcl-xL G138A . 31 However, what role does p53 play once liberated from BclxL? Data suggest that p53 can act similarly to an activator BH3 protein (e.g., tBid or Bim) to directly induce the oligomerization of pro-apoptotic multi-domain Bcl-2 proteins; this function of p53 has been described for both Bak and Bax. 37, 43 The addition of p53 to isolated mitochondria caused MOMP and the release of cytochrome c. Furthermore, in a liposome-based system designed to faithfully mimic permeabilization of the mitochondrial outer membrane, p53 functioned similar to tBid to induce the oligomization and pore-forming activity of purified, recombinant Bax. 37, 47 It is worthy to note that the binding of p53 to Bcl-xL (which would repress Bcl-xL's anti-apoptotic function) may also serve to sensitize cells to further stresses that would result in BH3-only protein activation (as they would not be sequestered by p53-bound Bcl-xL).
The domains of p53 responsible for the interaction with BclxL and subsequent MOMP are still not fully understood. Evidence suggests that both the DNA-binding domain (amino acids B100-300) and the proline-rich domain (amino acids B60-90) are essential for these interactions and cell death. 36, 37, 45, 48 Interestingly, short peptides derived from the core domain of p53 exhibited the ability to activate multidomains, but further work is required (Maureen Murphy, personal communication). The ability of p53 to translocate to the cytoplasm and mitochondria is regulated by MDM2 binding, and it has been shown that polymorphic variants of p53 possess distinct pro-apoptotic potentials based on their ability to be translocated out of the nucleus, 38 The interactions described above are relatively recent observations, and the complexity of how other proteins that bind p53 and Bcl-2 proteins, including the myriad posttranslational modifications each protein may demonstrate (e.g., ASPPs), impact on p53's pro-apoptotic function have not yet been elucidated.
Making the Decision to Die: Regulation of p53-dependent Apoptosis
If we consider that MOMP is central to the initiation of apoptosis, then the actual signaling mechanism(s) of p53-induced apoptosis is what lies between p53 stabilization and permeabilization of mitochondria (as the permeabilization of mitochondrial membranes, cytochrome c release and caspase activation are not unique to the p53-dependent pathway). In general, many of the proteins shown to promote or inhibit p53-dependent pro-apoptotic signaling have been only described to regulate p53's nuclear activity, that is, p53-dependent gene expression. Yet, as the extranuclear functions of p53 are being elucidated, several of these proteins may directly regulate p53 in the cytoplasm. Independent of cellular localization, apoptotic signaling is a very tangled network; the modulators of p53-dependent apoptosis are numerous and are themselves subject to regulation. As this area of research is so immense, this section will only highlight the topics discussed at the p53 workshop (Figure 4) .
Once p53 is stabilized and accumulates in the nucleus, it must target a specific repertoire of pro-apoptotic genes to induce cell death. To achieve this, p53 either becomes posttranslationally modified to recognize specific promoters or it cooperates with transcriptional regulators that deliver p53 to the appropriate site (most likely, both happen). Commonly, p53 induces the upregulation of pro-apoptotic genes, such as BAX and PUMA, 7, 9 yet under conditions where cellular machinery may be compromised, for example, hypoxia, p53 can repress the expression of anti-apoptotic genes, such as Figure 4 Cellular and pharmacological regulators of the p53-dependent apoptotic pathway. Understanding what is between p53 stabilization and MOMP/ apoptosis is not well known. Most distal to the death signal is the relationship between p53 and MDM2. Until the interactions between these proteins are disrupted, no p53 signal can be induced. Data suggest that various proteins (YB1, CHC, ASPP1/2) cooperate with p53 to appropriately target pro-apoptotic genes and dictate the decision to die. Likewise, proteins like Pidd contribute in the p53 signaling cascade by bridging additional pathways to ensure death. Already mentioned in Figures 2-3 are the important interactions between p53 and Bcl-2 proteins. The blue dotted arrow indicates potential interactions with the nuclear and cytoplasmic functions of p53. The indicated small molecules demonstrate the different levels of p53 signaling that are currently regulated by pharmacological means. The interactions between p53 and Mdm2 (RITA and the Nutlins), altering mutant forms of p53 to behave like wild-type p53 (PRIMA-1) and inhibitors to p53-induced gene regulation (pifithrin-a) all hold promise, at least in theory, as 'druggable targets' that will hopefully benefit those receiving anti-tumor therapies survivin which may promote caspase activation. 49, 50 The function of p53 to repress anti-apoptotic genes targets numerous gene families, such as BCL-2; loss of BCL-2, BCL-xL or MCL-1 expression would sensitize a cell apoptosis by de-repressing activated BH3-only proteins (e.g., Bim). Another scenario demonstrating the importance of repression in p53-induced death is highlighted by recent evidence that wild-type Trp53-expressing thyroid papillary carcinomas 51 fail to induce p53-dependent apoptosis owing to a loss of Galectin-3 downregulation. This is perhaps owing to the lack of coordinated p53 and homeodomain-interacting protein kinase 2 (HIPK2) trans-repression of Galectin-3, an antiapoptotic factor, potentially by a loss of heterozygosity for the HIPK2 gene (Silvia Soddu, personal communication).
As mentioned earlier, p53 also coordinates with other factors to selectively target pro-apoptotic gene expression. Ybox binding protein-1 (YB1) was recently shown to block p53-dependent apoptosis, and not cell-cycle arrest or MDM2 activity, by specifically abrogating BAX expression; these data support the notion that YB1 expression is associated with poor prognosis. 52 On the contrary, clathrin heavy chain (CHC), has been described to interact with p53 and enhance p53 reporter activity and apoptosis (Yoichi Taya, personal communication). Yet, CHC is a well-described cytosolic protein that regulates vesicle transport during endocytosis. Even though CHC has been shown to interact with p53 on p53 response elements by chromatin immunoprecipitation analysis in vitro, CHC may potentially regulate p53's cytoplasmic function as well.
As the transcriptional regulation of Bcl-2 proteins alone may not be sufficient to induce MOMP under all circumstances, p53 also induces the genes for pro-apoptotic proteins that may link intrinsic and extrinsic apoptotic programs. One example is p53-indicible death domain (PIDD), the protein of which contains a series of seven leucine rich repeats and a death domain. 53, 54 These motifs are generally responsible for protein-protein interactions and transmit a cell death signal. Exogenous PIDD has been shown to induce apoptosis, whereas the loss of PIDD expression abrogated p53-dependent death. The mechanism of Pidd-induced death is not well established, but may involve caspases-2, -8, APAF-1 (apoptotic protease activation factor-1), FADD (Fas-associated death domain) and RAIDD (RIP-associated ICH-1/ CED-3 homologous protein with a death domain). 53 It is described that PIDD, RAIDD and caspase-2 association resulted in caspase-2 activation, 55 but the impact of caspase-2 in p53-induced apoptosis is not concrete, as CAS-PASE-2 deficiency does not abrogate p53 responses in vivo.
A promising area of study involves the family of ASPP (ankyrin repeat, SH3 domain and proline-rich domain containing proteins/apoptosis stimulating proteins of p53) proteins that are comprised of both positive (ASPP1 and ASPP2) and negative effectors (iASPP, an ASPP1/2 inhibitor) 56 (see review by Braithwaite et al. for further discussions). ASPP1 or ASPP2 coordinated with p53 to increase p53-dependent apoptosis, but they have no ability to enhance p53-dependent cell-cycle arrest. 57 In contrast, iASPP specifically inhibited p53-dependent apoptosis and cooperated with Ras, E1A or E7 to transform cells in vitro. 58 The mechanism of ASPP1/2 action was suggested to enhance the ability of p53 to transactivate pro-apoptotic promoters, and iASPP could block this effect (interestingly, anti-sense iASPP promoted p53-dependent apoptosis, suggesting this mechanism is constitutively engaged). Yet, it is fairly common that p53 target genes (e.g., cell cycle and apoptosis) are simultaneously induced, and therefore the mechanism by which ASPP1/2 specifically enhanced pro-apoptotic promoter activity is not known. ASPP2, however, can also associate with numerous other proteins, such as Bcl-2. 59 The result of this interaction is hypothesized to inhibit Bcl-2 function and promote p53-dependent apoptosis (although loss of Bcl-2 alone does not do this). One additional possibility is perhaps that the Bcl-2/ ASPP2 interaction regulates the cytoplasmic localization and activity of p53.
Waking up the Guardian: p53-induced Apoptosis as a Drug Target
Evidence that p53 is a promising pharmacological target (see review by Klaus Wiman in this issue for a detailed discussion of this topic) surfaced when peptides derived from the Cterminal region of p53 restored mutant p53 function and allowed for p53-dependent apoptosis. 60 Small molecules that corrected the conformation of mutant p53 soon followed, but the efficiency and required doses were not suitable for clinical use. 61 This was potentially due to the drug having to remodel the p53 protein after translation. However, these drugs rapidly evolved and another drug that could reactivate mutant p53 (both DNA contact and structural mutants -by restoring the wild-type conformation to the DNA-binding domain) to regulate p53-dependent gene expression and apoptosis was described. That drug, PRIMA-1 (p53 reactivation and induction of massive apoptosis) was hypothesized to bind nascent mutant p53 protein, rather than having to restore function to protein already folded, thus lowering the required dose (an additional drug, MIRA-1 has also been described to provoke a wild-type conformation in mutant p53 species) (Figure 4 ). 62 The mechanism of action for each of these drugs has not been elucidated beyond the requirement for mutant p53 and its ability to bind to p53 response elements. However, we can extend the data mentioned in earlier sections (e.g., the treated mutant p53 protein can now trans-activate the appropriate pro-apoptotic genes, bind Bcl-2 proteins, induce MOMP and caspase activation) to grasp how these molecules trigger cell death. Yet, since cells that harbor mutant p53 often exhibit marked hyper-expression and mis-localization of p53, the actual mechanism of action cannot be assumed. These caveats may, however, contribute to the observed death in tumor models, as the drugs appear to induce apoptosis in the absence of genotoxic stress (which would normally be required to stabilize the p53 protein).
The requirement for genotoxic stress or other p53-stabilizing stimuli can also be overcome by inhibiting the interaction between p53 and Mdm2, thus allowing p53 to accumulate (as the Trp53 promoter is almost constitutively active) to promote apoptosis. One molecule, RITA (reactivation of p53 and induction of tumor cell apoptosis), was described to induce the expression of p53 target genes and marked apoptosis in wildtype p53-expressing cell lines and could coordinate an p53-dependent apoptosis JE Chipuk and DR Green anti-tumor response upon oncogene expression. 63 RITA functioned by abrogating the p53/Mdm2 Á MDM2 interaction via binding the N-terminus of p53. A family of small molecules aimed at targeting the p53 binding domain of Mdm2, the Nutlins, were also able to induce robust p53-dependent apoptosis in tumor xenograft models. 64 Again, this class of molecules that target the p53/Mdm2 Á interaction display proapoptotic function due to the activities of p53 described earlier (if these drugs are truly specific to the p53 pathway). This is exemplified by chromatin condensation detected by TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) staining and nuclear morphology.
These small molecules are also attractive because they can engage p53 activity in the presence of hyper-expressed Mdm2 or other situations where the p53/Mdm2 Á interaction is pathologically promoted. 65, 66 The Nutlins, in particular, provide both in vitro and in vivo 'proof-of-principle' evidence that the p53/Mdm2 Á interface is a key drug target. As a note, an inhibitor of p53-induced apoptosis has also been described, pifithrin-a. 67 This drug may protect non-tumorigenic tissues from the undesirable side effects of cancer treatments.
Conclusion
There are a few messages that emerge from our understanding of p53-induced apoptosis. First, the ability of p53 to trigger cell death is a key tumor suppressor activity. Second, the cellular signaling cascades leading to p53-dependent apoptosis are numerous, perhaps specific to the inducer, and probably not linear (i.e., one p53 trans-activated gene may not be responsible for the entire p53 death circuit). Finally, the p53-regulated apoptotic pathway can be pharmacologically modulated to hopefully treat cancer patients. Taking these three ideas into consideration will help us to reach a better understanding of the relevance of p53 and cell death in both principle and practice.
